The wrought Co-Cr-Mo alloys with C contents of 0.02, 0.09 and 0.18% (mass%) were fabricated by hot-forging process to study the influence of carbon contents on the microstructures and mechanical properties. The microstructures of Co-29Cr-6Mo-0.02C and Co-29Cr-6Mo-0.09C consist of equiaxed uniform grains which contain stacking faults, twins and " martensite bands. No carbide found at inter-and intragranular region. Co-29Cr-6Mo-0.18C consists of irregular grain sizes and carbide found at inter-and intra-granular region. The carbide in Co29Cr-6Mo-0.18C was identified as M 23 C 6 type carbide from the XRD pattern analysis. It is found that the amount of stacking fault and " martensite are strongly dependent upon the C content. The density of stacking faults and " martensites observed in Co-29Cr-6Mo-0.09C decrease as compared with those observed in Co-29Cr-6Mo-0.02C. Moreover, the volume fraction of the phase slightly increased with C content. Within an extent of C addition that no carbide precipitation occurs, the carbon addition reduces the amounts of crystal defects such as stacking faults and twins, and " martensites. In addition, tensile strength slightly increases with C content and ductility reaches a maximum at C content of 0.09%, though 0.2% proof strength shows no noticeable differences.
Introduction
Co-Cr-Mo alloys are generally used for surgical implant applications which require wear resistance, corrosion resistance and biocompatibility. [1] [2] [3] In order to avoid the fracture in vivo, biomedical materials used for surgical implant applications should have reliable mechanical properties. However, cast Co-Cr-Mo alloys are inherently associated with large initial grain size, coring structure and other casting defects. These defects bring about a poor ductility and lower fatigue strength, giving rise to doubt about the use for surgical implant applications. 4, 5) On the other hand, wrought Co-CrMo alloys, fabricated by hot-forging process which have homogeneous structure and smaller grain size than cast CoCr-Mo alloys, will promise excellent mechanical properties. In forged condition, the tensile properties of wrought Co-CrMo alloy were greater than those of cast Co-Cr-Mo alloys. 6) Generally wrought Co-Cr-Mo ally contains a low level of carbon (max 0.14%) compared to cast Co-Cr-Mo alloy (max 0.35%). C additions to the Co-Cr-Mo alloys stabilize a (fcc) phase and form carbides at inter-and intra-granular region. This causes a reduction of forgeability during the hotworking process. To avoid poor forgeability, control of carbon content will be one of methods for increasing a forgeability and a ductility of wrought Co-Cr-Mo alloys. However, it is needed to investigate the C addition on the microstructure and mechanical properties in detail to determine the optimum carbon content for Co-Cr-Mo alloy.
The objective of this study was to identify the carbon effect on the microstructure and mechanical properties of a wrought Co-Cr-Mo alloy.
Experimental
Cast Co-Cr-Mo alloys with three different contents of carbon were fabricated using VIM method. Before hotforging, cast Co-Cr-Mo alloys were pre-heated at 1225 C for 12 h to eliminate the coring casting structure. The cast alloys were press-forged to a diameter of 40 mm, and then hot-swaged to a final diameter of 20 mm. Hot-forging and reheating cycles were carried out to keep the forging temperature above 1000 C to avoid the precipitation of phase. The obtained rods of Co-29Cr-6Mo-C alloy were water-quenched from swaging temperatures to room temperature. The chemical compositions of alloys are given in Table 1 . The C contents of each alloy are 0.02, 0.09 and 0.18%. Optical microscopy was performed using a polished surface. After grinding with emery paper and polishing with 0.3 mm alumina, electrolytic polishing was conducted with a mixture of 9:1 of CH 3 OH:H 2 SO 4 . The grain size of the specimens was determined using the circular intercept method according to JIS G 0551. Transmission electron microscopy (TEM) observations were performed using disc specimens with a 3 mm in diameter. Final thinning was carried out with jet polishing method. The specimens were examined in H-800 (Hitachi) TEM at a 200 kV. X-ray diffraction (XRD) patterns were measured between 30-90 as 2 using Cu K radiation. The amount of phase was estimated from the (200) and (10 1 11) X-ray diffraction peaks following the method developed by Sage and Guillaud. 7) Tensile test was performed using an Instron-type testing machine at an initial strain rate of 5:4 Â 10 À4 s À1 at room temperature. The gauge size of the tensile specimens was 16 mm in length and 3 mm in width and 1.3 mm in thickness. 
Results and Discussion

Microstructures
Optical and scanning electron micrographs of Co-Cr-Mo alloys with different C contents are given in Fig The average grain size of 0.18C cannot be determined because of mixed grain size distribution. The precipitation of carbides and interstitial carbon facilitates grain boundary pinning, and consequent reduction in grain growth. However, since the carbide in 0.18C may be formed at the initial stage of hot-forging process, it pins some specific grain boundaries during heat treatment, resulting in mixed grain size. As shown in Fig. 1(f) , the intragranular striations observed in the 0.18C are much finer and thinner than those in 0.02C [ Fig. 1(b) ] and 0.09C [ Fig. 1(d) ]. It is thought that C additions significantly increase the stacking fault energy (SFE) of the alloys and thereby decrease the density of stacking faults, twins and " martensites. 8) Thus, as observed in Fig. 1(f) , the increased SFE of 0.18C probably decreases the thickness of " martensites and the spacing between them.
XRD analysis
XRD patterns of three alloys with a different carbon content reveal that (200) diffraction peak slightly increases with carbon content (Fig. 2) , meaning that increased C content suppresses the formation of " phase at room temperature.
8) The large (10 1 11) diffraction peak of 0.02C indicates that the " phase dominantly exists in this alloy. On the other hand, (111) diffraction peak is larger than (10 1 11) diffraction peak in 0.09C and 0.18C. The insetted figure in Fig. 2 indicates that M 23 C 6 carbides are identified in 0.18C. Those carbides exist in the grain boundary and intragranular region, as shown in Fig. 1(f) . The grain boundaries provide sites for preferential precipitation of carbides. Moreover, M 23 C 6 carbide can be precipitated in the crystal defects such as stacking faults, dislocations and =" boundaries. Carbides existing in the grain interior are responsible for dispersed strengthening effect. However grain boundary carbides cause low ductility and are detrimental to the fatigue strength of the alloys. Figure 3 shows the change in volume fraction of phase to " phase with C content calculated from intensities of XRD peaks. 7) The volume percent of phase increase with C content. This means that the ! " matensitic transformation is suppressed by increasing C content. Therefore, it is concluded that within an extent of C addition that no carbide precipitation occurs, the C addition would stabilize the phase and increase the forgeability of the Co-Cr-Mo alloy. C content (mass%) In Fig. 4 , the microstructure of 0.02C shows fine stacking faults (marked with solid arrow) and " martensite plates (marked with hollow arrows) initiated from the grain boundary. According to the diffraction pattern, it is found that the matrix around the squared area consists of phase and stacking faults. Since " martensite plates are formed by accumulation of stacking faults, 9) distinction between " martensite and stacking faults is practically difficult. Figure 5(a) shows the intersection of stacking faults and fine " martensite plates in 0.02C. Figure 5 (b) shows the diffraction pattern taken from the square area of Fig. 5(a) . The zone axes for matrix and " martensite were determined to be [ 1 110 ] and [ 1 12 1 10] , respectively and the orientation relationship was determined to be ð111Þ == ð0002Þ, ½ 1 110 == ½ 1 12 1 10 which corresponds to ShojiNishiyama relationship. 10) Several studies have proposed the mechanism for the nucleation of the " martensite in Co and Fe based alloys. [11] [12] [13] [14] [15] According to them, Shockley partial dislocations and twin boundaries are involved in the ! " martensitic transformation of Co-Cr-Mo alloy. These structural defects can act as " martensite nucleation sites and thereby promote the activation of strain induced ! " martensitic transformation. As the plastic deformation advances, the multiple slip system near grain boundaries is activated, giving rise to the nucleation of " martensite. The intragranular striations observed in Fig. 1 are associated with the transformation to " martensite during hot-working process. With further increase in C content, as shown in Fig. 6 , " martensites are scarcely observed and only a little amount of stacking faults are observed. Accordingly, it is found that the addition of C to the alloy decreases the density of dissociated dislocations, stacking faults and " martensites, since C in this alloy increases stacking fault energy. Thus it is confirmed that increasing the C content of Co-Cr-Mo alloy inhibits the ! " martensitic transformation.
Mechanical properties
The tensile strength and 0.2% proof strength of alloys are given in Fig 7. Tensile strengths slightly increase with C content. On the other hand, 0.2% proof strengths of three alloys are comparable with each other. A finely distributed carbide precipitation of 0.18C in the intragranular region could inhibit the dislocation glide, leading to strengthening the matrix and thereby being brought about improvement in the strength of the alloy.
As shown in Fig. 8 , the plastic elongation is found to be improved by the carbon addition, exhibiting the maximum value of approximately 30% at 0.09C. Therefore, it can be concluded that a carbon addition improves the elongation if the carbide does not precipitate. This improvement in ductility by carbon addition is derived from stabilization of the phase due to the carbon addition as previously described in section 3.2. However, excessive carbon addition to form the carbides especially at the grain boundaries reduces the ductility of the alloy, resulting in counteracting the dispersed strengthening effect.
Conclusions
Effects of the carbon addition to the Co-29Cr-6Mo alloy, used for biomedical application, on microstructures and mechanical properties are investigated. The obtained results are summarized as follows:
(1) Microstructures of the Co-Cr-Mo-0.02C alloy and the Co-Cr-Mo-0.09C alloy show equiaxed uniform grains without carbide precipitation, whereas those of the CoCr-Mo-0.18C alloy shows mixed-grained structure with M 23 C 6 carbides in the inter-and intra-granular region. (2) The formation of ! " matensitic transformation exhibits Shoji-Nishiyama type relationship. (3) With increasing C content, only a little amount of " martensites and stacking faults are observed. (4) Tensile strengths slightly increase with C content, though 0.2% proof strength is almost independent of C contents. On the other hand, the elongation shows the maximum at C content of 0.09%. (5) To the extent that no carbide precipitation occurs, the C addition is effective in improving the ductility, resulting from the stabilization of the phase. 
